Acoustical features were extracted using the methodology detailed in Giordano and McAdams (2006) . A simulation of the processing that takes place in the peripheral auditory system produced the time-varying power at the output of a set of cochlear filters (temporal resolution: 44,100 Hz). The center frequency of the cochlear filters (range: 30-16,000 Hz) was uniformly spaced on a frequency scale derived from measures of the masked detection thresholds in normal-hearing listeners, the ERB-rate scale (Moore & Glasberg, 1983) . This scale reflects the spacing of auditory filters along the basilar membrane. A first descriptor extracted from this representation was tan φ aud , a unitless measure of the damping of vibration in struck solids (Wildes & Richards, 1988) , associated with human judgments of sounding-object materials (cf. Giordano & McAdams, 2006 , and references therein). Intuitively, tan φ aud captures the rate of energy decay in the most intense spectral components of the signal: the higher tan φ aud , the faster the energy decay. More specifically, for each of the cochlear filters, linear regression is used to extract a damping factor for the power at the output of the cochlear filter. The damping factor is the inverse of the time needed for the output power to decay to 1/e of its initial value. The damping factors thus computed are then divided by the center frequency of the cochlear filters. The average of these values, weighted by the overall power in output from the cochlear filters gives the final value of tan φ aud .
varying loudness and spectral center of gravity (SCG) were defined as the sum of the specific loudnesses and as the specific-loudness-weighted average frequency on the ERBrate scale, respectively. Notably, SCG captures the auditory attribute of brightness, a principal dimension of timbre (Grey & Gordon, 1978; McAdams, Winsberg, Donnadieu, De Soete, & Krimphoff, 1995) . The measurement unit for loudness was termed pseudo-sones (p.s.), because it was calculated without taking into account the actual presentation levels. The time-varying loudness and SCG for one of the sounds in the database is shown in Figure 1 .
The duration of the signal, Dur, was defined as the temporal extent during which loudness was above a fixed threshold (0.2 pseudo-sones), established from an analysis of the loudness of the background noise. As a term of comparison, the average of the time-varying loudness for each of the sounds in the database ranged from 0.35 for the smallest steel plate struck with the pine hammer to 1.63 pseudo-sones for the medium-sized plexiglas plate struck with the steel hammer. The grand average was 0.80 pseudo-sones. Four loudness descriptors were derived: the attack value, Lou att (the average loudness over the first 10 ms of the signal), the average value over the whole duration, Lou mea , and the slope of the initial and final portions of the temporal function of loudness, Lou sl1 and Lou sl2 , respectively. Three SCG-related descriptors were extracted: the attack value, SCG att (the average SCG over the first 10 ms of the signal), the average value over the whole duration, SCG mea , and the slope of the initial portion of the temporal function of SCG, SCG slo . Both the SCG and loudness slope measures were extracted by means of linear regression over a portion of the temporal function (see Figure 1) . Finally, the frequency of the lowest spectral component, F, was estimated from the Fast Fourier Transform of the first 512 samples of the signal, starting from onset (Hanning window). Longer windows, affording a higher frequency resolution, could not be used, because no significant spectral peak would have emerged for the shortest and weaker signals (e.g., the plexiglas plate struck with the pine hammer). F was defined as the lowest-frequency component with an amplitude peak exceeding a fixed spectral level threshold, estimated from the spectral analysis of the 250 ms of background noise preceding each of the recorded signals. The spectral level for the extraction of F was therefore de- fined as 3 dB (decibels) higher than the maximum spectral amplitude across all background noise samples.
Sound synthesis model for stimuli in Experiment 3
The stimuli investigated in Experiment 3 were generated using a model of an inertial mass striking a resonating bar. An implementation originally proposed by Hunt and Crossley (1975) , widely used in applied mechanics and robotics (Marhefka & Orin, 1999) , and recently proposed for sound synthesis (Avanzini & Rocchesso, 2001 ) was used. In the model, the contact force is expressed as
where v(t) =ẋ(t) is the compression velocity, and K and α are the force stiffness coefficient and a geometry-dependent exponent, respectively. The parameter λ is a damping weight, and µ = λ/K is a mathematically convenient term called the viscoelastic characteristic by Marhefka and Orin (1999) .
The impact model (Equation 1) can be used as a coupling mechanism between two modal resonators. For the purposes of this study, a simplified configuration was used, in which only one of the two objects actually resonates, the other being just an inertial mass whose displacement is indicated by x (h) . According to modal analysis, the resonator is described through equations in which the variables x (r) l are referred to as the modal displacements. Each mode obeys a second-order oscillator equation. Assuming the resonating object has N (r) modes, its displacement at a given point k is given by a linear combination of the modal displacements:
Assuming that the interaction occurs at point m of the resonator, the continuous-time equations of the coupled system are given by:
where the parameters ω (r) and g (r) are the oscillator center frequencies and damping coefficients, respectively. The parameters 1/m (r) control the "inertial" properties of the modal oscillators (m (r) has the dimension of mass). The terms f
e represent external forces. The continuous-time system (2) is discretized using the one-step Adams-Moulton method (Lambert, 1993) , also known as bilinear transformation. The resulting discretetime system appears as a parallel bank of second-order lowpass resonant filters, each accounting for one specific mode of the resonator. Details about the discrete-time system have been discussed elsewhere (Rocchesso & Fontana, 2003) and will not be addressed here.
Each mode is characterized by its decay time t e (time to reduce the amplitude by a factor e), computed according to the notions of internal and external damping (van den Doel & Pai, 1998) as
where f i is the modal center frequency, tan φ is the internal friction parameter (Wildes & Richards, 1988; Klatzky, Pai, & Krotkov, 2000) , and 1/τ ext is the external friction parameter. Avanzini and Rocchesso (2001) derived an equation that relates the contact time τ to the physical parameters of the contact model, in the special case where the resonator is a rigid wall (i.e., it does not resonate at all):
.
It can easily be shown that the power-law dependence t 0 ∼ (m (h) /K) 1/(α+1) holds. In order to see how the contact time varies when the resonator is not perfectly rigid, numerical simulations were performed (Avanzini & Rocchesso, 2001) , and τ was always higher than the value predicted by equation (4) due to the compliance of the struck object.
The model described above was implemented as indicated in Avanzini, Rath, and Rocchesso (2002) . For the purpose of the present investigation, the resonator was set to have N (r) = 5 modes. Modal frequencies were tuned according to the most prominent resonances of a clamped bar (Fletcher & Rossing, 1991) , i.e., were multiples of the lowest resonant frequency F by {1, 6.26, 17.54, 34.37, 56.82}. Stimuli were synthesized varying the parameters F, tan φ and K. All other model parameters were kept constant for all the experimental stimuli: the hammer mass m (h) was set to 0.5 kg; the geometry-dependent exponent α was set to 1.5; the interaction damping λ was set to 0 kg /m α s; the strike velocitẏ x (h) (t = 0) was set to -5 m/s; the external friction τ ext was set to 0.5 s. It should be noted that the geometry-dependent exponent α was set as for contacting spheres in Hertz's theory (Landau & Lifshitz, 1981) , and that the value chosen for the interaction damping parameter λ characterizes a lossless interaction.
Supplemental tables
The following tables provide details on the properties of the investigated stimulus sets. Table 1 reports the mechanical properties of the investigated hammer and sounding object materials. Table 2 shows the monotone association between the acoustical features of the sounds in the database, as estimated using the robust Spearman rank correlation coefficient. Significance levels for these correlations were computed considering only the N non-outlying points (minimum N= 126, average N= 137, N SD= 5.4). Tables 3-5 detail the mechanical and acoustical properties of the stimuli used in Experiments 1-3. Note. D = rigidity coefficient; GPa = Giga Pascal. Steel 1 was used for the hammer and for the two smaller steel plates; Steel 2 was used for the larger plate. Note. Dur = duration; F = frequency; Lou = loudness; SCG = Spectral Center of Gravity; att = attack; mea = mean; sl1 = initial slope; sl2 = final slope; slo = slope. * * p < .01; d f ≥ 126. −7.86 Note. Mat = hardness; SO = sounding object; H = hammer; Dur = duration; F = frequency; Lou = loudness; SCG = Spectral Center of Gravity; att = attack; mea = mean; sl1 = initial slope; sl2 = final slope; slo = slope; p.s. = pseudo-sones; ERB = Equivalent Rectangular Bandwidth; Alu = aluminum; Cer = ceramic; Gla = glass, Pin = pine; Ple = plexiglass; Ste 1 = flexible steel; Ste 2 = stiff steel. 
